Introduction
antibody-cytokine fusion proteins [3] , bispecific antibodies [4] , lymphokine-activated adoptive cell therapies [5, 6] , as well as cancer vaccines [7] .
Over the last decades, substantial evidence was collected, indicating that melanoma cells can be recognized by cytotoxic T cells through the presentation of tumor rejection antigens and neo-epitopes onto HLA class I molecules [8] [9] [10] . Thus, boosting a cancer patient's immune system represents a promising strategy for the treatment of melanoma, especially considering the high mutation rate of this cancer type [11, 12] . To understand the molecular basis for the tumor rejection process, a detailed knowledge of HLA class I peptides presented by malignant cells is essential. A detailed knowledge of the HLA peptidome facilitates the study of tumor-reactive T cell specificities, either by multiplex tetramer analysis [13, 14] or by peptide stimulation assays [15] . In principle, these investigations could be applied to cancer patients, helping profile their response to therapy. Indeed, recent reports have shown that the breadth and frequency of anti-melanoma T cell specificities increase, after therapeutic intervention with the anti-CTLA-4 antibody ipilimumab [16] .
Since the first direct identification of a peptide, recognized by melanoma-specific T cells, by mass spectrometry in 1994 [17] , several studies investigated the HLA peptidome of melanoma cells [18, 19] . Both studies, however, purified HLA complexes from >10 9 cells per analysis, which was necessary due to substantial sample loss during the purification process, estimated to be 95 % [20] . Recent advances in mass spectrometry and sample preparation protocols have made it possible to identify thousands of HLA class I-bound peptides from 10 8 cells [21, 22] . These technological improvements facilitate the investigation of tumor-associated antigens by mass spectrometry, allowing a comparison with other epitopes (e.g., peptides derived from housekeeping proteins) presented on HLA class I molecules.
In this work, we report on the confident identification of over 10,000 HLA class I-bound peptides from five human melanoma cell lines (FM-82, FM-93/2, Mel-624, MeWo and SK-Mel-5). Analysis of the identified sequences revealed the presence of more than 250 peptides from previously described tumor-associated antigens. Furthermore, we present for the first time the direct mass spectrometrybased identification of a neo-epitope purified from a human melanoma cell line. The amino acid substitution in this peptide led to an increased binding affinity to the cognate HLA allele. Finally, a comparison between peptides isolated from melanoma cell lines and from the serum of two HLA-matched melanoma patients and two healthy donors revealed similarities on the level of presented peptides.
Materials and methods

Cell lines and antibodies
Cell lines FM-82, FM-93/2, Mel-624 and MeWo were obtained from European Searchable Tumour Line Database (ESTDAB) [23] , SK-Mel-5 was obtained from CLS Cell Lines Services, and A375 was obtained from American Type Culture Collection (ATCC). Cells were grown in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with 10 % FBS at 37 °C and 5 % CO 2 . HB-95 hybridoma cells were cultivated in CD Hybridoma medium supplemented with 2 mM glutamine in a shaking incubator at 37 °C and 5 % CO 2 . The W6/32 antibody was purified from HB-95 supernatant using protein A Sepharose and subsequently coupled to AminoLink Plus Coupling Resin (Thermo Fisher Scientific) following the manufacturer`s instructions.
Cell lysis and affinity purification of HLA class I molecules and enrichment of HLA-bound peptides
Cells were washed with PBS, harvested using a cell scraper, washed twice again with PBS and lysed on ice at a density of 2 × 10 7 -5 × 10 7 cells/ml lysis buffer (0.5 % IGEPAL CA-630, 0.25 % sodium deoxycholate, 1 mM EDTA, 0.2 mM iodoacetamide, 1 mM phenylmethylsulfonyl fluoride (PMSF), Roche Complete Protease Inhibitor Cocktail in PBS) for 1 h. Lysates were cleared by centrifugation at 21,000g for 30 min at 4 °C and snap frozen for storage at −80 °C. HLA class I complexes were purified from cleared lysate using W6/32 antibody-coupled resin by incubation for 2 h at 4 °C. The resin was washed once with lysis buffer, then buffer A (150 mM NaCl, 20 mM Tris, pH 7.4), buffer B (400 mM NaCl, 20 mM Tris, pH 7.4), buffer A again and buffer C (20 mM Tris, pH 8.0) at 4 °C. Peptide-HLA complexes were eluted using 0.1 M acetic acid. Peptides were separated from protein by elution from C18 Macro SpinColums (Harvard Apparatus) with 30 % acetonitrile (ACN), and subsequently dried and stored at −20 °C.
cDNA analysis of NY-ESO-1 and GAPDH
cDNA of the cell lines A375, FM-82, FM-93/2, Mel-624, MeWo and SK-Mel-5 was generated using the "SuperScript ® III CellsDirect™ cDNA Synthesis System" (Thermo Scientific) following the manufacturer's instructions. mRNA expression of NY-ESO-1 and GAPDH was analyzed via PCR using primers 5′-TGCTTGAGTTCTA CCTCGCCA-3′ (forward) and 5′-TATGTTGCCGGACA CAGTGAA-3′ (reverse) for NY-ESO-1 and 5′-GA AGGTGAAGGTCGGAGTC-3′ (forward) and 5′-GAAG ATGGTGATGGGATTTC-3′ (reverse) for GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) and Phire polymerase (Thermo Scientific). NY-ESO-1 + A375 cells were used as positive control [24] .
Refolding of MHC class I monomers
Extracellular domains of HLA-A*02:01 and HLA-A*26:01 were refolded in the presence of β 2 -microglobulin and peptides (Biomatik) as previously described [25] . The experimental setup was scaled down to 20 ml and performed without the addition of PMSF. In brief, 6 µM denatured β 2 -microglobulin and 3 µM denatured HLA alpha chain (both from bacterial inclusion body production) were refolded with 60 µM of peptide for four days at 4 °C in a buffer containing 100 mM Tris HCl pH 8, 400 mM l-arginine hydrochloride, 5 mM reduced glutathione, 0.5 mM oxidized glutathione, 2 mM EDTA and protease inhibitor cocktail (Roche). Refolded monomers were concentrated to 1 ml using "Vivaspin 20 (molecular weight cutoff 30,000)" (Sartorius) and subsequently 100 µl were analyzed on a "ÄKTA Purifier" fast protein liquid chromatography (FPLC) with a "Superdex™ 200 10/300 GL" column (both GE Healthcare). Fractions (0.25 ml) of the HLA monomer peaks (peak at 15 ml) were collected and analyzed via SDS-PAGE.
Analysis of HLA class I peptides by ultra high performance liquid chromatography (UHPLC) and mass spectrometry
Liquid chromatography-mass spectrometry (LC-MS) analysis of HLA class I peptides was essentially carried out as described in Ritz et al. [22] . Peptides were analyzed by LC-MS using a Q Exactive Mass Spectrometer connected to an EASY-nLC 1000 (both Thermo Scientific). Peptides were separated by reversed-phase chromatography using an Acclaim PepMap RSLC C18, 50 μm × 150 mm, 2 μm analytical column (Thermo Fisher) at a flow rate of 0.3 μl/ min, with linear gradients from 0 to 24 % ACN in 90 min. All buffers contained 0.1 % formic acid. MS spectra were recorded in full ion scan mode from 250 to 2000 m/z, with a resolution of 70,000 and a maximum injection time of 80 ms. Fragment mass spectra (MS/MS) were recorded at a resolution of 17,500 and an injection time of 240 ms. The most intense ten doubly or triply charged ions were selected for higher-energy collisional dissociation (HCD) fragmentation. Dynamic exclusion was set to 15 s.
The datasets were searched using the MaxQuant software (version 1.4.1.2 [26] ) against the human reference proteome databases containing 89,649 human proteins downloaded from the UniProt homepage on January 20, 2015. MaxQuant parameters were essentially set as described [21] : (1) digestion mode: unspecific, (2) first search ppm 20; main search ppm 4.5, (3) fragment mass tolerance ppm 20, (4) one variable modification (oxidation of methionine), (5) no specific amino acids for the generation of the decoy databases, (6) peptide false discovery rate (FDR) 1 %, protein FDR 100 %, (7) peptide length allowed: 7-20 amino acids. Reverse hits and contaminants were removed from the "peptide.txt" output file.
To identify melanoma-associated antigens in the HLA analysis, a list of melanoma-associated antigens [10] was retrieved and compared to the identified peptides on the gene level.
HLA binding prediction of identified peptides
Peptide identifications based on the MS/MS data were combined into a final report for each cell line. Identical sequences identified multiple times due to modifications were collapsed into one identification. Peptides with a length between 8 and 11 amino acids were subjected to HLA class I binding prediction analysis using NetMHCpan 2.8 [27] , taking into account the respective HLA alleles of the cell lines reported in the literature [23, 28] . The analysis was performed on a cell line by cell line basis. Each peptide was assigned the minimal predicted half maximal inhibitory concentration (IC 50 ).
Graphical representation of HLA-specific motifs
HLA-specific motifs were generated using the Seq2Logo 2.0 server using default settings [29] . Based on the binding prediction analysis, all nine mers were assigned to the allele with the lowest predicted IC 50 -value and subsequently used for the visualization of respective HLA-specific motifs.
Identification of a neo-epitope and validation of the fragment mass spectrum
The mutational information for MeWo and SK-Mel-5 cell lines, respectively, were downloaded from the "Catalogue of Somatic Mutations in Cancer" (COSMIC) database [30] on September 3, 2015. The positional information for all protein code-changing single nucleotide polymorphisms was used to create 24 mers with the mutated amino acid at position 12. Mass spectrometric data from MeWo or SKMel-5 was interrogated with MaxQuant for the presence of mutated sequences using the same search parameters as for other analyses, but taking into account all protein sequences of the human reference proteome and the sequences carrying mutations. The synthetic peptide corresponding to IFRD2 437-446 H446Y (Biomatik) was analyzed by LC-MS using the same HPLC and MS conditions as for the HLA
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peptidomes. This allowed for comparison of the retention time and to identify a representative fragment mass spectrum. The fragment mass spectra of the synthetic and the endogenous peptides were extracted with Thermo Xcalibur Qual Browser 2.2 SP1 (Thermo Scientific) and plotted with Excel (Microsoft). Peptide fragments (a, b and y ions) were annotated with the MaxQuant Viewer 1.4.1.2 [26] .
Results
Identification of HLA class I-bound peptides from melanoma cell lines HLA class I peptides were purified from melanoma cell lysates, using an immunocapture procedure depicted in Fig. 1a , based on the pan-HLA class I monoclonal antibody W6/32 [31] . Peptides were subsequently eluted with acid, purified and desalted using C18 spin columns and analyzed by LC-MS. Fig. 1b-f ) demonstrating compatibility with the typical length of HLA-bound peptides. HLA class I binding prediction analysis using NetMHCpan 2.8 revealed that between 79 and 91 % of these 8-11 mers were predicted to bind (IC 50 < 500 nM) to the cognate HLA class I molecule, with 45-66 % predicted to be strong binders (IC 50 < 50 nM) ( Table 1) .
Based on the binding prediction analysis of identified nine mers, individual HLA-specific motifs for the alleles of each cell line were plotted using the Seq2Logo 2.0 server [29] (Fig. 2 ). All cell lines shared the frequent A*02:01 allele and corresponding motifs were in excellent agreement with each other and with motifs presented in the literature [21, 32] . Distinct motifs could also be generated for all other alleles expressed by the five cell lines in agreement with the literature motifs [32, 33] . The majority of the peptides were recovered from HLA-A alleles; however, 842 and 874 nine mers were predicted to bind to HLA-B and HLA-C alleles, respectively, allowing the identification of more elusive HLA-C-specific motifs [21, 22, 33] .
Expansion of the catalogue of putative tumor rejection epitopes
The list of HLA-eluted peptides was interrogated for the presence of tumor-and melanoma-associated antigens, using the detailed list described by Andersen et al. [10] . 
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A [23, 28] using the NetMHCpan 2.8 software [27] . Each peptide was assigned to the HLA allele with the lowest IC 50 value for the generation of HLA-specific motifs using Seq2Logo 2.0 [29] . HLA-specific motifs are presented for a FM-82, b FM-93/2, c Mel-624, d MeWo and e SK-Mel-5
Epitopes were denoted putative tumor-associated antigens if their sequence was identical to one of the genes presented in the above mentioned publication, adding up to a total of 262 epitopes from 72 antigens ( Table 2) . Of these, 31 demonstrated the exact same sequence as the tumor rejection antigens compiled by Andersen. Interestingly, for gp100/PMEL a total of 32 unique epitopes were identified. While many of the epitopes have been patented and/or characterized in great detail, we also identified previously undescribed epitopes, including predicted strong binders to HLA-A*02:01 originating from prominent melanoma-associated antigens [e.g., KTWDQVPFSV (gp100/PMEL) and KIWEELSVLEV (MAGE-A3/-A6)]. We also detected two length variants of gp100/PMEL epitopes (i.e., SLADTNSLAVV and AMLGTHTMEVTV; the underlined amino acids were either present or absent in the variants). A total of 85 epitopes were predicted to bind to A*02:01, which is probably a result of the high number of A*02:01-eluted peptides identified. The list further contained 22 epitopes originating from B*40:01 and 16 epitopes from C*03:04 or C*03:03, for which only one and two epitopes were presented by Andersen et al. [10] , respectively. In contrast to the collection of tumor rejection antigens presented previously, our list of putative tumor rejection antigens is not biased by the frequency of a specific allele in the western population, but shows a strong linear correlation with the total number of peptides identified for a given allele (R 2 = 0.78, Supplementary Fig. 1 ).
Since some of the identified peptides were not predicted to bind to any of the cognate HLA alleles, the possibility of such peptides to form a stable complex with the HLA class I alpha chain and β 2 -microglobulin was investigated. Therefore, the putative tumor-associated antigens simultaneously identified from MeWo and FM-93/2 cells (AAAGGGGGGGRY, AMTKDNNLL, GTAAIQAHY and DSFPMEIRQY) were obtained as synthetic peptides (see Supplementary Figs. 2-5 for a comparison of synthetic and observed spectra) and added to HLA class I alpha chain and β 2 -microglobulin during refolding. FPLC profiles of the HLA complexes after refolding (Supplementary Fig. 6 ) and SDS-PAGE analysis ( Supplementary  Fig. 7 ) demonstrated that peptide AMTKDNNLL was able to form a stable complex with HLA-A*02:01, while peptides AAAGGGGGGGRY, GTAAIQAHY and DSFP-MEIRQY facilitated the formation of a stable complex with HLA-A*26:01.
Although Table 2 contains peptides from over 70 known tumor-associated antigens, no peptide from the welldescribed antigen NY-ESO-1 was identified, even though NY-ESO-1 mRNA could be detected in three of the investigated cell lines (Supplementary Fig. 8 ).
Identification of a neo-epitope presented on the surface of MeWo cells
In order to examine whether neo-epitopes could be observed among the purified peptides, we searched the mass spectrometric raw data of the SK-Mel-5 and MeWo cell lines against publicly available catalogs of somatic mutations for these two cell lines downloaded from the COSMIC database [30] concatenated with the human reference proteome database. Out of 3911 mutations for MeWo and 128 mutations for SK-Mel-5, one mutant peptide was identified with high confidence (<1 % false discovery rate) from MeWo cells, corresponding to IFRD2 437-446 H446Y (interferon-related developmental regulator 2). The mutant peptide sequence could be confirmed by spectral comparison with a synthetic peptide (Fig. 3a) . It is interesting to note that the mutated peptide was predicted to be a strong binder of HLA-A*26:01 (IC 50 = 34 nM), while the wild type sequence was not predicted to bind to any of the MeWo alleles (IC 50 > 3000 nM for all other alleles) (Fig. 3b) .
Comparison of HLA-A*03:01-eluted peptides from melanoma cell lines and patients' sera
In a previous study [22] , we had purified soluble HLA class I complexes (sHLA) from the blood of melanoma patients and healthy donors. Three of the melanoma patients possessed the HLA-A*03:01 haplotype and a significant number of peptides from two of these patients were predicted to bind to this allele. To identify whether the HLA peptidome of melanoma cell lines is comparable to the one of the melanoma patients, we investigated whether the same peptide sequences could be found both in the sHLA peptidome of patients and in the HLA peptidome of the HLA-A*03:01 positive Mel-624 cell line (Fig. 4) . We observed a substantial overlap of A*03:01 peptides between the melanoma patients and the cell line (Fig. 4a) , between patient and healthy donor (Fig. 4b) , and between the healthy donors and the cell line (Fig. 4c) . The 80 peptides shared between Mel-624 cells and one or both of the melanoma patients are reported in Supplementary Table 6 . One epitope of a tumorassociated antigen was identified in the cell line Mel-624 as well as in the melanoma patient P5, but was not identified in the healthy donors (SLLTSSKGQLQK of perilipin-2 (PLIN2), also reported in Table 2 ).
Discussion
In this study, we present an extensive mass spectrometric characterization of the HLA peptidome of five melanoma Table 2 List of peptides identified from tumor-associated antigens Table 2 continued cell lines, which led to the identification of 10,399 unique peptides with high confidence. Comparison of these peptides with a list of tumor-associated antigens compiled by Andersen et al. revealed that 262 peptides corresponded to antigens, which had previously been described as tumor associated [10] . A peptide containing a mutation was identified when interrogating the MS data for a catalog of somatic mutations. Furthermore, we observed that sHLA peptides isolated from the serum of melanoma patients and from an HLA-matched melanoma cell line display a substantial overlap.
While the experimental atlas included over 10,000 HLA class I-bound peptides, identified with high confidence, it is of note that the majority of HLA ligands originated from HLA-A. A general underrepresentation of HLA-C has been described before, on the level of both surface expressed protein [34] and identified ligands in mass spectrometric experiments [21, 22] . HLA-B ligands, however, have occasionally been found at similar or even higher numbers applying the same procedure as in this paper (see MHCspecific motifs of MAVER-1 and THP-1 cells [22] ), indicating that the low number of HLA-B ligands originates from a low expression of HLA-B in the investigated melanoma cell lines.
The HLA peptide atlas, further, included 262 peptides corresponding to previously described tumor-associated antigens and 31 epitopes, which had previously been reported to be potentially immunogenic (Table 2) . Interestingly, some well-known tumor-associated antigens were identified with up to 19 different peptides from a single cell line (i.e., PMEL in cell line FM-82). Other antigens (i.e., NY-ESO-1, (E)AAGIGILTV of MLANA/MART-1, or YM(N/D)GTMSQV of tyrosinase) were not present in our analysis. The advent of multiplex tetramer technology, which allows the high-throughput screening of T cell specificities [13] , crucially relies on the availability of the exact sequence of presented peptides. Currently, selection of epitopes is often guided by binding predictions. In this study, we demonstrate that the majority of identified peptides were predicted to bind to cognate HLA molecules. However, a substantial portion of the eluted peptides (9-21 %, depending on the cell line) were not predicted to be HLA binders, which may reflect limitations of the prediction algorithms as demonstrated by the ability of four peptides identified from both MeWo and FM-93/2 cells to form stable complexes with the HLA alpha chain and β 2 -microglobulin ( Supplementary Figs. 6 & 7) . We therefore believe that it is essential to complement the selection of epitopes with sequences identified by mass spectrometric characterization of HLA peptidomes. The peptidome described in this work could in principle readily be used to complement recently described studies in melanoma patients (e.g., those describing the evolution of T cells in patients, after treatment with ipilimumab, using multiplex tetramer technology [16] ).
Mutational information for MeWo and SK-Mel-5 cell lines, which was available from public repositories [30] , facilitated the confident identification of one neo-epitope presented by MeWo cells. The identification was confirmed by spectral comparison with the corresponding synthetic peptide. The observation that only a small fraction of possible neo-epitopes are presented to a degree which allows identification by mass spectrometry is in line with a recent report analyzing patient-derived melanoma cell lines [19] . In that study, the authors did not observe any neo-epitope, in spite of having confidently characterized between 2701 and 6397 HLA-bound peptides from three cell lines, whose mutations had previously been identified by whole exome sequencing. This finding is intriguing, especially since melanoma represents one of the most mutated human cancers [11, 12] , and since neo-epitopes have recently been proposed as a major factor in the activity of immunotherapy [35, 36] . Mass spectrometry-based methodologies may allow to experimentally measure the relative frequency of different types of peptide display (e.g., those derived from housekeeping proteins, over-expressed antigens, tumor testis antigens and mutant peptides) on HLA class I molecules. This information is likely to be crucially important for a molecular characterization of T cell-based anti-tumor immunity.
A comparison of melanoma patient-derived sHLA peptidomes and data derived from cell lines indicated the presence of shared peptides. Since tumor cell lines do not fully resemble the nature of corresponding solid tumors, as they may change their HLA peptidome under cell culture conditions, it is not surprising to observe differences between the ligandomes. Nevertheless, observation of a significant overlap between cell lines and unrelated patients sera suggests that, at least in part, the sHLA peptidome may represent peptides derived from the tumor. In the future, analysis of matched primary tumor and sHLA peptidomes will be important to understand if this methodology might indeed be useful to probe for tumor-derived antigens. If this is the case, sHLA peptidomics could represent a promising noninvasive strategy for the monitoring of patients during immunotherapeutic intervention.
Immunotherapy is gaining importance for the treatment of cancer and, in particular, for the treatment of melanoma. It is very well established that tumor-associated antigenspecific T cells are found in melanoma patients [10] . Recent advances in multiplex tetramer technology have provided unambiguous evidence that treatment with anti-CTLA-4 therapy broadens the profile and alters the frequency of the melanoma-reactive CD8+ T cell response [16] . In addition, survival of melanoma patients with tumor-associated antigen-specific T cells against NY-ESO-1 and Melan-A was found to be significantly prolonged [37] . These studies reinforce the concept that immunotherapy can be used to boost the patient's immune system against melanoma malignancies. A detailed characterization of the cancer peptidome, as presented in this article, should facilitate mechanistic studies on the quality and quantity of tumor 1 3 rejection antigens in melanoma and other cancer types. A molecular characterization of T cell specificities in patients (e.g., before and after pharmacological intervention) may shed light on clinically important issues, such as why only certain individuals respond to immunotherapy. In addition, peptides bound to HLA class I may be considered for vaccination strategies [38] and for the development of T cell receptor-engineered adoptive cell therapies [6] .
